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The multi-component structuration of the species diversity of groundfish assemblages of the east coast of Corsica (Mediterranean Sea): Variation according to the bathymetric strata 
Introduction
Interest in biological diversity has recently increased in response to the damage caused to ecosystems by anthropic activities. However, despite the growing awareness that species diversity is a complex concept which requires measures that take into account several aspects of diversity (Purvis and Hector, 2000; Magurran, 2004) , most marine field studies are still focusing on a single or -at best -a very limited number of diversity components (mainly species richness and evenness).
In addition, despite the fact that each diversity component could be analysed through various indices which differ with regard to their theoretical properties (Peet, 1974; Gaston, 1994; Beisel et al., 2003; Warwick, 1998, 2001) , empirical relationships between indices within and between components have been very little studied. To our knowledge, field studies comparing the properties of indices within a single diversity component have exclusively focused on species evenness (Ricotta et al, 2001; Beisel et al., 2003) . Moreover, the few studies that have proposed the simultaneous analysis of several diversity components did not consider the taxonomic relatedness between species (Beisel et al., 1998; Wilsey et al., 2005) with the exception of a recent study (Mérigot et al., 2007) .
The number of dimensions to describe variation in diversity may depend on underlying environmental gradients to which each diversity index responds (Wilsey et al., 2005) . These authors suggested that future studies should investigate how environmental gradients affect the strength and form of the association among diversity components. For conservation purposes, the analysis and the comparison of the structuration of species diversity in different environmental situations is of particular interest with a view to monitoring and managing species diversity within the frame of integrated management (Mazouni, 2006) . Such studies have not yet been undertaken even for factors known to play a dominant role in determining the structuration of the species composition of groundfish assemblages, such as the bathymetry (Bianchi, 1992; Fujita et al., 1995; Moranta et al., 1998; Ungaro et al., 1999; Gaertner et al., 2002; Magnussen, 2002) .
In the Mediterranean Sea, the few studies dedicated to Mediterranean groundfish diversity have mainly focused a very few components such as species richness and evenness (Blanchard, 2001; Labropoulou and Papaconstantinou, 2004; Colloca et al., 2003; Gaertner et al., 2005a) . The work of Gristina et al. (2006) is the only one to consider taxonomic diversity in the analyses dedicated to fishing pressure on groundfish assemblages in the Strait of Sicily. This general lack of knowledge is particularly striking for the east coast of Corsica. To date, only one study has offered an initial quantified picture of groundfish diversity in this area but it was restricted to analysis of the species richness component (Gaertner et al., 2007) . Because it is among the least intensively fished areas in the whole of the northern Mediterranean Sea (Relini et al., 1999) , improving our knowledge of patterns of groundfish diversity is particularly important in this region. Such findings could be considered as a reference base with regard to the northern Mediterranean Sea with a view to monitoring the influence of fisheries on diversity in the future. This is particularly a striking point in the context of the European Marine Strategy where fish will be used to define the status of marine eco-region.
In this context, we analysed data recently collected during the MEDITS project (Mediterranean International Trawl Survey; Bertrand et al., 2002a) which provide a first opportunity to analyse the multi-component aspect of species diversity of groundfish assemblages in this region. We have investigated species diversity of the groundfish assemblages through the simultaneous analysis of four of its main components (species richness, evenness, rarity and taxonomic diversity) in three bathymetric strata. The questions addressed in this study are:
What are the components of diversity which provide a complementary view of the species diversity of groundfish assemblages? Are there some redundant indices between and within the different components?
ii) Does the multi-component structure of species diversity vary according to bathymetric strata?
Materials and methods

Study area and sampling design
We analysed data collected from five annual bottom trawl surveys performed over the continental shelf and along the slope off the east coast of Corsica within the framework of the MEDITS project (Bertrand et al. 2002a , Fig. 1 ). Each of these surveys was carried out at the same period of the year (May-June) in 1995 (14 tows) 1996 (18 tows), 1998 (15 tows), 1999 and 2000 (15 tows).
The 1997 survey has been excluded in view of the low number of hauls carried out this year due to technical impediments. The sampling procedures for these surveys were standardised according to a common protocol including the use of the same gear and the same sampling strategy for the whole study period (Anon., 1998) . A stratified random-sampling design was used, based on bathymetry.
Fig. 1 here
The standard gear was a bottom trawl net (GOC 73, Fiorentini et al., 1999) with 20 mm cod-end mesh size (stretched mesh). Hauls were performed during daylight hours and their standard duration was 30 min on the continental shelf and 60 min below. The vertical opening of the gear was about 2 m, and its wing spread about 18 m (Bertrand et al., 2002b) . Information recorded by an underwater Scanmar system to monitor the trawl geometry (horizontal and vertical openings, contact with the bottom) allowed us to select out the tows that were not properly carried out. During the surveys, all the fish caught were identified at species level and counted.
Data analysis
We analysed groundfish diversity separately on the basis of three bathymetric strata: the continental shelf (ranging from 60 to 120 m; 38 tows), the upper slope (ranging from 250 to 400 m; 18 tows) and the lower slope (ranging from 450 to 570 m; 23 tows). These stratum boundaries were slightly reduced in comparison with the ones originally defined during the Medits protocol due to (1) the lack of samples close to original boundaries and (2) the fact that we ruled out trawls showing too many differences in the trawled area (see tests hereafter). Otherwise, each of these three strata were characterized by a specific species composition in groundfishes (Gaertner et al., 2005b) . For each of these three bathymetric strata we investigated the diversity patterns of demersal fish assemblages through the analysis of four major components: (1) number of species, (2) rarity, (3) evenness and (4) species taxonomy.
Number of species
The number of species is still the most widely used component for describing diversity in both marine and terrestrial ecosystems (Rosenzweig, 1995; Gaston and Spicer, 1998) . Estimates of species richness are highly sensitive to sampling effort (Gaston and Spicer, 1998 for the upper and lower slopes. A Chi² test of independence in the three cases (Chi2 = 9.73, df = 9, p = 0.37; Chi2 = 11.87, df = 9, p = 0.22 and Chi2 = 12.16, df = 9, p = 0.20 respectively) showed no effect of the swept area variation on the number of species collected among the selected tows in each of the three bathymetric strata. This test has been computed on a contingency table crossing four classes for each variable delimited by mean of quantile values. This leads to consider (4-1) x (4-1) = 9 degrees of freedom in the computation of the test. Thus, we can consider the number of species per haul as a measure of species density S (Table 1 ). In addition, we also computed Margalef's species richness index D mg (Table 1) ; this index adjusts the number of species according to the total number of individuals sampled in each haul. We chose Margalef's species richness index for its ease of calculation and its widespread use (Magurran, 2004) .
Rarity
We took into account rarity which is a component extensively used in conservation strategy. This concept is usually defined on the basis of the level of species local abundance or the species range size (occurrence), but whatever the approach used, definitions of rarity are necessarily arbitrary (Gaston, 1994) . Manté et al. (2003) proposed several statistical methods for deciding whether or not a species is rare, according to its abundance in a series of surveys. These methods depend on a "rarity parameter", which should be determined from replicated data. Unfortunately, we did not have replicated tows at our disposal. Furthermore, because species with a restricted occurrence are usually the most vulnerable to environmental change (Thomas and Mallorie, 1985) , the occurrence criterion has been the most widely used for conservation purposes. Moreover, in the present work, the high noise associated with trawl surveys limited our ability to estimate the absolute number of individuals for each species with precision. The definition of rare species according to a pre-defined threshold based on low local abundance would be particularly sensitive to this problem. Thus, in our study we used the criterion of occurrence rather than local abundance to define rarity (Table 1 ).
Hereafter, rare species are those that occurred in less than 5 % of the tows in each bathymetric stratum. For the continental shelf, 18 species, including 4 Chondrichthyes, were below this threshold (Appendix 1). Respectively for the upper and the lower slope, 16 and 19 species, including 4 and 2 Chondrichthyes, occurred in less than 5 % of the tows and thus considered as rare species in our work.
Evenness
Because evenness estimates may be mainly related to rare or dominant species according to the index used (Smith and Wilson, 1996; Ricotta et al., 2001; Beisel et al., 2003) , we considered two indices of evenness (Table 1) . First, we used the Heip's evenness index E Heip (Heip, 1974) which is assumed to be mainly sensitive to variation in rare species (Beisel et al., 2003) . Secondly, we used the d Berger Parker index (Berger and Parker, 1970) which is acknowledged to be only sensitive to variations in the most dominant species (May, 1975; Magurran, 2004) . We computed 1/d (rather than d) which increases when abundances are evenly distributed (maximum diversity) among the species and decreases with dominance (low diversity).
We also computed heterogeneous indices , which combine both the number of species and evenness components in a single value (Table 1) : the Shannon-Wiener index H' (Shannon and Weaver, 1949) and the Simpson concentration D (Simpson, 1949) . H′ is assumed to be sensitive to the changes in abundance of rare species while D is heavily weighted towards the dominant species and less sensitive to species richness than H' (Peet, 1974; Boyle et al., 1990) . Although they are not focused on a single diversity component, we used these two very popular heterogeneous indices to facilitate comparisons of our results with previous works and to better understand their properties in comparison with indices dedicated to a single diversity component. We used Simpson diversity (1-D) -rather than D -because it is positively correlated with diversity.
Species taxonomy
All the indices mentioned above assume that each species contributes to diversity in the same manner and they do not explicitly take into account functional differences between species. In ecology, most often, analyses of taxonomic diversity have been carried out as a first -and roughstep towards assessing some aspects of the functional diversity (von Euler and Svensson, 2001 ). It has even been postulated that taxonomic and functional structure could be related von Euler and Svensson, 2001; Ramos-Miranda et al., 2005) and that the taxonomic range of an assemblage could be important in maintaining ecosystem stability during natural or anthropogenic disturbances (Tilman, 1996) .
Consequently, we computed five taxonomic indices proposed by Warwick and Clarke (1995) and Warwick (1998, 2001 ) ( Table 1 ) that quantify the taxonomic diversity of a faunal assemblage in terms of average distance of all pairs of individuals (or species) in a sample by tracing their distances through the Linnaean taxonomic tree. Each of these five indices has specific properties. Taxonomic diversity Δ is the average distance (path length) traced through the taxonomic tree between every pair of individuals in a sample, including the individuals which belong to the same species whereas taxonomic distinctness Δ* considers individuals which only belong to different species (Warwick and Clarke, 1995) . Δ can be seen as a generalization of the Simpson diversity index incorporating an element of taxonomic relatedness but it differs from Δ* in its sensitivity to species dominance (Table 1 , Clarke and Warwick, 1998 ). Δ* is modified to remove some of the dependence of Δ on the species abundance distribution represented by the x i . Δ is divided by its value when the hierarchical classification collapses to the special case of all species belonging to a single genus, removing the evenness component from Δ. The resulting ratio Δ*, being literally Δ divided by Simpson diversity, is then more nearly a function of pure taxonomic relatedness of individuals .
Because collecting presence-absence data can be easier and less time consuming than abundance data, we also investigated a third index Δ + (Table 1 ) in order to study the possible "loss of information" with the previous taxonomic index that requires abundance data. Average taxonomic distinctness Δ + can be viewed as the average distance traced through the taxonomic tree between each pair of species in the sample ).
In addition, we applied the index of variation in taxonomic distinctness Λ + which is based on the evenness of the taxonomic level distribution in the taxonomic tree, being mathematically the variance of Δ + (Table 1) . This index is a measure of the taxonomic tree asymmetry. It is supposed to provide additional information to that of the three others (Clarke and Warwick, 2001 There are two main methods to define ω ij the weight given to the path length linking species i and j in the taxonomic tree (Clarke and Warwick, 1999) , but Rogers et al. (1999) showed that the values Δ + calculated with or without ω ij modified to reflect the quantitative reduction in taxon richness were strongly correlated. Thus, we have adopted the simplest form of ω ij with equal step-lengths between two successive taxonomic levels, setting the ω ij at 100 for two species connected at the highest (taxonomically coarsest) possible level (Clarke and Warwick, 1999) . We have used six taxonomic levels (Appendix 1), so that ω ij = 16.7 (i.e. species in the same genus), 33.3 (i.e. same family but different genera), 50 (i.e. same order but different families), 66.7 (i.e. same class but different orders), 83.3 (i.e. same phylum but different classes) and 100 (i.e. different phyla), respectively. Taxonomic indices have been computed using the PRIMER software (Clarke and Gorley, 2001 ). Data were adjusted for depth influence within each of the three bathymetric strata by means of a non-parametric local regression (Loess). A regression on each diversity index has been investigated for the effect of depth separately within each of the three bathymetric strata. This enabled us to compute residuals for each diversity index within each of the three bathymetric strata and to provide a quantity free of depth effect within the bathymetric stratum. Loess residuals have then been used in the analyses dedicated to the relationships among diversity components, i.e principal component analyses, to avoid depth effect within each bathymetric stratum. This enabled us to study more purely the multi-component structuration of species diversity in each of the three strata and then to compare the structuration of diversity between each bathymetric stratum. We have to keep in mind that we aim to compare variations in the relationships between species diversity indices (and components) from one bathymetric stratum to another but not to compare variations in diversity values. Furthermore, differences in sampling effort between the continental shelf and the slope prevented us from making comparisons from the values of the majority of indices that are sensitive to differences in sampling effort (Magurran, 2004) .
Empirical relationships among diversity components and their respective indices were investigated by means of principal component analyses (PCA). This procedure was performed to identify both redundant and complementary indices of diversity in our data set. Because atypical values of some indices could modify correlation coefficients based on abundance data, we carried out a PCA based on the ranked indices values (Joliffe, 1986) . This method allows calculation of eigenvalues and eigenvectors of the Spearman's rank correlation matrix. The projection of diversity indices onto the factorial axes of the PCA provides a graphic overall perception of the correlations between indices.
However, it does not represent the exact reality of these correlations, but only a less distorted description of them. Hence, the Spearman's correlations matrix was analysed in complement. It provided less directly accessible but more precise information on the correlations between the indices studied. Principal-components analyses were conducted separately for each of the three strata. All statistical analyses were performed using R software (Ihaka and Gentleman, 1996) .
Results
Characterisation of the species assemblages in each bathymetric stratum
Representatives of 73, 58 and 64 groundfish species were identified in the 38, 18 and 23 samples analysed respectively from the continental shelf, the upper and the lower slope ( (Table 2) . Table 2 here
The most dominant species caught over the continental shelf (Spicara smaris) represented 77.47 % of the total abundance (Table 3) , while over the upper and the lower slope this species was different and represented less dominance (respectively 35.37 % for Gadiculus argenteus argenteus and 20.92 % for Galeus melastomus). The cumulative percentage of the 10 most abundant species was quite consistent throughout the three bathymetric strata: 94.93 %, 92.95 % and 88.01 % respectively (Table 3) . Mean values for each species diversity index are reported (Table 2) to provide a first reference state with a view to monitoring changes in species diversity in the study area in the future. Table 3 here
Empirical relationships among species diversity components
The projection of diversity indices onto the correlation circle of the PCA made it possible to display different groups of indices (Fig. 2) . For the continental shelf, the two principal components accounted for 68 % of the total inertia. The first principal component (49.7 %, Fig. 2a with all the other indices (see Fig. 2a ; Table 4a ). ) and Rarity clearly showed that they did not contribute to the first two principal components. The weak Spearman's correlations observed between these indices (Table 4a) confirmed that each of them tend to provide complementary information on groundfish species diversity on the continental shelf of the east coast of Corsica. In short, the simultaneous analysis of PCA and Spearman correlation coefficients provides a basis for roughly grouping the 12 species diversity indices studied into 6 complementary components of diversity on the continental shelf: (1) species density S and sΔ Table 4 here For the upper slope, the two principal components accounted for 68.2 % of the total inertia (Fig.   2b ). The clustering of diversity indices into groups was relatively similar to those observed for the continental shelf (Fig. 2b , Table 4b ). The main exception concerned D mg . Whereas it was less obvious from the analysis of the first factorial plan, the Spearman correlation coefficients showed that D mg was mainly correlated with S and sΔ + (Table 4b ). Finally, for the lower slope, two principal components accounted for 66.8 % of the total inertia (Fig. 2c) . The relationships observed between indices showed little variations in comparison to the upper slope. However, the evenness group (H',
1-D, 1/d, E
Heip and Δ) appeared to be more heterogeneous (Fig. 2c) , with correlations between indices that are lower than for those observed on the upper slope (Table 4c ). In short, we found an overall reproducibility of the relationships between diversity indices and components across the bathymetric strata which is however accompanied by a limited number of variations (Fig. 2 , Table   4 ).
Discussion
The multi-component structuration of groundfish diversity
For the continental shelf, the upper and the lower slope, we found that the whole set of diversity indices considered in our study might be split into several distinct and complementary groups of indices of groundfish diversity. This result strongly supports the conclusions of recent theoretical works postulating that species diversity is a multi-component concept (Purvis and Hector, 2000) , as empirically demonstrated recently (Wilsey et al., 2005; Mérigot et al., 2007) . While our study dealt with four theoretical components of biodiversity, for each bathymetric stratum we have roughly clustered the twelve indices studied in more than four complementary diversity components. As a consequence, our results show not only that a single diversity index cannot provide a complete description of species diversity, but also that -in some cases -one index cannot even encapsulate a complete description of a specific diversity component. We found that this result is roughly reproducible in each the three bathymetric strata studied in Corsica. It is also similar to those previously found in another region for groundfish assemblages in the Gulf of Lions (Mérigot et al., 2007) . Nevertheless, other studies are required in order to assess more precisely the scope of our results.
Otherwise, it is worth noting that catchability is species-dependent and consequently might affect our perception of species composition and diversity of the assemblages. Hence, this problem could lead to bias in the between-strata comparison of abundance-based diversity indices. Unfortunately, there is no perfect way to deal with this problem. However, it might be taken into account mostly if the population that is not caught by the trawl (small size individuals, etc.) strongly vary between strata, notably in their size distributions. In our case study, the use of the same gear in each bathymetric stratum limited any skew regarding the comparison in the relationships between diversity indices between bathymetric strata.
Another striking point is that some indices which were described as complementary in theoretical works, appeared to be redundant in our field study. For instance, while evenness is considered as a multi-component concept (Smith and Wilson, 1996) , our results showed that indices sensitive to changes in evenness of rare and dominant species were highly correlated in most of the studied areas (Table 4) . Hence, their complementary properties were not verified. We also found a strong correlation between all the indices partly (i.e. Shannon and Simpson) or entirely (i.e. Berger-Parker and Heip) dedicated to the evenness component. In such a situation the use of Berger-Parker which is simple to understand and easy to measure (the identity of species other than the most abundant species does not need to be determined) might be a good candidate for summarizing in a single value the evenness component of diversity.
Moreover, the taxonomic diversity Δ is intended to take into account taxonomic relationships between individuals and is thus assumed to provide additional information to classical species diversity indices. However, considering both the continental shelf and the upper slope, we found a high correlation between Δ and the different indices based on abundance data (i.e. evenness and heterogeneous indices) with the exception of Δ*. This result suggests that Δ could be strongly dependent on the species abundance distribution but could fail to take into account the taxonomic component of groundfish diversity. 
Bathymetric effect on the multi-component feature of groundfish diversity
Our results revealed that the number and the composition of the complementary groups of diversity indices were globally reproducible across the bathymetric stratum. This finding suggests that bathymetry has a low influence on the multi-component structuration of species diversity. For conservation purposes, this result is of particular interest with a view to monitoring and managing species diversity with a limited set of indices for the whole study area.
The overall reproducibility of the relationships between diversity indices and components across bathymetric strata were accompanied by a limited number of variations which mainly concerned some indices based on abundance data (evenness group and D mg ; see Fig. 2 , Table 4 ). Possible explanations could be linked to differences in the faunistic characteristics between the three strata,
i.e changes in dominance of species and in density of individuals. Firstly, the higher heterogeneity of the evenness group on the lower slope might be explained by a lower level of dominance in this stratum. We observed a decrease of the dominance between the bathymetric strata (Table 3) . On the continental shelf, the most abundant species, Spicara smaris, represented 77.47 % of the total abundance while on the lower slope the dominant species, Galeus melastomus represented only 20.92 %. Deep-water fish assemblages appeared to be more balanced and less dominated by a single species than shelf assemblages (Table 3 ). Such differences between the three systems in the underlying species abundance distribution might affect the relationships between indices based on abundance and explain the variations that we observed.
Secondly, we observed a higher correlation between D mg , which adjusts the number of species by the number of individuals caught, and the component of the number of species in the deeper bathymetric strata, especially in the lower slope (see Fig. 2 , Table 4 ). This might be explained by a lower density of individuals in these strata (Table 2) . Indeed, the number of individuals caught seems to drastically decrease along the bathymetric gradient (Table 2) , revealing a lower density in the deeper waters. This different density pattern might be linked to the specific conditions occurring in deeper waters, such as high water pressure, unpredictable arrival of energy inputs, long-term starvation which have been suggested as being responsible for the decrease of faunal abundance with increasing water depth (Thurston et al., 1994; Stora et al., 1999; Gooday et al., 2001; Cartes et al., 2002; Gutzmann et al., 2004 ).
In conclusion, our results clearly show that a single diversity index cannot provide a complete view of the groundfish species diversity. Otherwise, most of the relationships between diversity indices and components appeared to be reproducible between the different bathymetric strata. This result, which needs to be confirmed in other regions and on the basis of other environmental factors, might be very useful for choosing a limited set of complementary indices in the monitoring of species diversity in the future. More generally, the proposed approach might offer an easy and reproducible basis for defining what are the complementary components required to describe diversity in any case. In this respect, it is clearly a step towards the approach recommended by Purvis and Hector (2000) who stated that "The stronger the correlations [between diversity indices], the more reasonable it will be to reduce multiple measures to a few principal components, to create dimensions of diversity". Finally, our analysis gives the first quantitative outline of species diversity of groundfish assemblages along the east coast of Corsica, an area with one of the lowest rates of fishing pressure in the northern Mediterranean Sea (Relini et al., 1999) . These findings might be considered as a "reference state" with a view to monitoring the spatio-temporal changes in species diversity patterns in this area in the future. The comparison of our results with those of similar studies carried out in more intensively fished areas -notably within the standardized framework of the MEDITS programme -could provide a basis for achieving a better understanding of the impact of fishing pressure on Mediterranean groundfish assemblage diversity.
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Appendix 1: Linnaean hierarchical classification of the species recorded in the study area Table 1 ). * Rare species (i.e. occurrence < 5 %). All the species belong to the Chordata phylum. 
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